Flow fields characterized by chord-based Reynolds numbers of several ten thousand over wings of conventional cross sections are analyzed below. Utilizing temperature-sensitive paint visualization and constant-temperature anemometry the results depict a laminar-toturbulent transition process that develops over the wings. The visualizations were utilized in order to obtain the proper length scales which characterized the transition process and to allow effective use of the constant-temperature anemometry. Not only did the constant-temperature anemometry yielded a quantitative velocity measurement in the volume over the wings, it also complemented the low spectral resolution which characterized the visualization technique. Both experimental techniques depicted the evolution of stationary cellular flow structures over the wings along the transition process. These cellular flow structures were reported in recent publications and are associated with closed separation bubbles which are subjected to flow disturbances of finite amplitude. The volumetric time-accurate velocity measurements showed that the number of cellular flow structures was function of the wing aspect ratio; moreover, it allowed proper interpretation of the temperature-sensitive paint visualizations in regions of high velocity standard deviation.
NOMENCLATURE
dimensionless diffusion length X location along the local chord y dimensionless height above the wing surface Y height above the wing surface z dimensionless location along the span Z location along the span stability of a laminar bubble over an airfoil at incidence. The spanwise extent of their numerical domain was limited to 20 percent of the chord; they justified this spanwise extend by looking at the spanwise flow structures that were computed over a backward-facing step. Other studies, however, which were conducted in wide range of Reynolds numbers showed that the flow over an airfoil is essentially different, having one of its characteristic length scales comparable with the airfoil's chord [9] [10] [11] [12] .
Since the computer resources needed to conduct three-dimensional DNS on larger numerical domain than that used by Jones et al. [7] were not available, an experimental approach was adopted instead. This experimental study involved the same two wing cross sections as those reported by Elimelech et al. [5] , the NACA-0009, a classical symmetrical airfoil designed for Reynolds numbers of a few million, and the Eppler-61, a very successful non-symmetrical airfoil for Reynolds numbers of a few hundred thousand. These particular airfoils were chosen because of their very different geometries (stemming from conceptually different designs) in order to attempt to conclude whether the stages along the transition process over the two cross sections are essentially similar or not. Fortunately, such a similarity can help in generalizing the laminar-to-turbulent transition process to other wing geometries.
The flow mechanisms which are discussed below govern the flow field and the aerodynamic performance of wide range of current and future micro air-vehicles (MAVs) which are designed to operate at the Reynolds number regime of few ten thousand. Two experimental techniques were utilized and yielded a correlation between a well-established and high fidelity technique and a qualitative flow visualization which is applied to the surface of the wing models. The results show that the visualization technique is capable, under certain limitations, of resolving the transitional flow mechanisms which evolve over the wings; therefore, the visualization technique is suggested as an affordable experimental technique which will allow fast and cost effective classification of the flow field during the design of future MAV wings.
MATERIALS AND METHODS

Temperature-Sensitive Paint
Visualizing the flow footprints over surfaces can be performed using several experimental techniques. Such techniques range from pressure and shear sensitive paints, oil-flow or tufts visualizations and others. Obtaining a chord based Reynolds number which is at the order of 10000 in a mid-sized wind tunnel requires free stream velocity of few meters per second; in such low free stream velocity the dynamic pressure level is at the lower edge of conventional pressure-sensitive paints' dynamic range. Tufts and oil-flow visualizations are commonly used in cases where the flow field is essentially steady; while the former is capable of identifying unsteady flow regions, both tufts and oil-flow visualizations are considered as intrusive. Thermography techniques, in general, and temperature-sensitive paints, in particular, are capable of providing the adequate resolution even when the dynamic pressure level is at the order of few Pascals. Since a high resolution infra-red camera was not available for this study, a unique temperature-sensitive paint realization was designed and used, as is described below. The vast majority of studies which utilized a temperature-sensitive paints focused on the time-averaged characteristics over surfaces [13] [14] [15] [16] ; unsteady flow studies were mainly conducted in water [17] , where the characteristic dimensional time scales are larger by an order of magnitude than those in air (for the same Reynolds number and characteristic length scale). Temperature-sensitive paint visualization is based on the heat transfer between the flow and the visualized surface; in the current study, the visualized surface was the slightly heated surface of the wing models. The fact that wings are isolated surfaces which are entirely submerged in the surrounding fluid required a unique realization of the technique, as is presented below. Such a large scale surface visualization was imperative in order to identify regions of interest over the wing surface prior to use of higher fidelity point measurement techniques; in addition, it was essential to achieve the highest spatial and temporal resolutions in order to allow proper visualization of the laminar-to-turbulent transition process, which was expected to be characterized by wide spectrum of length and time scales.
The temperature-sensitive paint was based on thermochromic liquid crystal (TLC) mixture. TLCs are optically active mixtures of organic chemicals which react to changes in temperature by changing colors. TLCs show colors by selectively reflecting incident white light. Conventional temperaturesensitive paint mixtures reflect light, turning from colorless to red at a given temperature and, as the temperature rises, pass through the other colors of the visible spectrum sequence (orange, yellow, green, blue and violet) before turning colorless at higher temperatures. The color changes are reversible and on cooling the change sequence is reversed. The reflected colors are a function of the view angle
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with respect to the light source. As the light reflected from a Halogen bulb caused saturation of the TLC colors due to the considerable amount of heat generated by such a light source, two high intensity discharge lamps were used based on their low thermal output and excellent color rendering. The TLC mixture was manufactured by Hallcrest Inc. It had a red start at a temperature of 25 degC (low clearing point) and bandwidth of 10 degC, meaning that the blue started at temperature of 35 degC (high clearing point). A black background color which minimized light reflections from the visualized region was applied to the surface using an artist paint brush, followed by the application of the TLC mixture. In order to heat the visualized surface of the wing, a heat source of the shape of each wing model was constructed. This heat source was an electrically conducting material which generated heat flux when electrical current was applied. In order to formulate the temperature variation within an electrically conducting layer, the conduction and convection contributions will be compared with the heat generation in it. The derivation below is described for a single layer, whereas implications for multi-layer material combinations will be discussed whenever relevant. In general, the specific heat source (power per unit volume) due to power loss within an electrical conductor is p e = ρ e J 2 e , where ρ e is the conductor specific electrical resistance and J e is the electrical current flux which passes the conductor cross section. It is assumed that the conductor has a rectangular cross section; ε is the conductor thickness and w will denote the conductor width (Figure 1 ). Following this terminology, the specific heat source is p e = ρ e (I/εw) 2 , where I is the total electrical current passing through the conductor cross section. The conductor thermodynamic and electrical properties are assumed to remain constant thanks to the small temperature variation in the presented application, which is at the order of 10 degC.
The heat conduction equation (in its differential form) which includes the volumetric heat generation term is ,
where ρ, C p and λ are the conductor specific weight, specific heat and thermal conductivity, respectively. T is the temperature and t denotes time. X and Z denote the streamwise and spanwise directions, respectively; it is understood that Y is the coordinate in the thickness direction (Y = 0 at the middle of the conductor thickness). Using the following normalization convention 
The boundary conditions of Eq. (3) are (4) where h l and h u denote the flow convective heat transfer coefficients from the lower and upper sides of the foil, respectively (Figure 2 ). For the sake of simplicity, it will be assumed that at both sides of the conductor (in the span direction) the temperature gradient is essentially zero due to their distance from the region of interest. This assumption is reflected by Eq. Now, consider few particular cases pertinent to the experimental apparatus. In case the layer thickness is considerably smaller than its other dimensions, the temperature across the foil thickness can be approximated as uniform. This approximation is valid in cases where the foil thermal conductivity is high. The physical explanation is that heat conducts very fast through the foil due to its high conductivity and small thickness. In this case the upper and lower heat fluxes need to be added . (5) This dimensionless form allows quantifying the diffusion length, x d , and the characteristic response time of temperature variations across the conductor,
These scales will allow choosing the conductor material according to the experimental requirements, as is described below.
Technique Realization
In order to obtain the highest achievable spatial and spectral resolutions, the conductor material was chosen to be as thin as possible, making it essentially a foil. The flow heat convection coefficients were evaluated using relations which suit the heat convection induced by a laminar boundary layer over a flat plate for a constant heat flux from the wall [18] ( 7) where λ f and Pr are the fluid thermal conductivity and Prandtl number, Re X is the Reynolds number based on the distance along the wall and Nu is the dimensionless Nusselt number. Using Eq. (6), the diffusive length scale of the temperature variation, which characterizes the technique's spatial resolution is the square root of the product of three fundamental non-dimensional ratios (1) the ratio between the foil thickness and the airfoil chord (2) the ratio of thermal conductivities of the foil material and that of the ambient fluid and (3) the inverse of the Nusselt number .
Available and affordable foil materials for this study were either aluminum or stainless-steel; their relevant thermodynamic and mechanical properties are provided in Table 1 . Aluminum was chosen as the conductor material due to the fact that it was commercially available at thickness of 0.07 micro meter, which was few orders of magnitude thinner than the stainless-steel foil. The aluminum layer was a coating layer, which was evaporated on a plastic substrate. Although the plastic substrate had thermal conductivity which was two orders of magnitude less than that of the aluminum layer, the two layers were characterized by approximately the same spatial resolution.
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Temperature-Sensitive Paint Visualization of the Transitional Separation Bubble Over Wings at Reynolds Numbers of Several Ten Thousand Table 1 . Thermal and mass properties of two conductor materials; air properties are given for reference.
The characteristic spectral resolution of the aluminum layer was about 500 Hz. Unfortunately, the plastic substrate, which had thickness of 12 micro meter, decreased the effective spectral resolution of the two layers to about 20 Hz. The temperature sensitive paint layer is consisted of micro encapsulated thermochromatic liquid crystals, having a nominal diameter of 10 to 15 microns; the spraying technique produces a nominal TLC layer of 40 to 60 microns. Given that the thermal conductivity of the TLC coating is not provided by the manufacturer, a previous estimation was utilized [19] ; this study estimated the frequency response of such a TLC layer by 33 Hz, which is faster than the 20 Hz response of the foil which was used in this study. Transient tests (i.e abrupt change of the electrical current supplied to the foil) which were conducted on the entire foil-substrate-TLC combination confirmed these estimations.
During the experiments the electrical current was adjusted to keep the TLC paint not saturated (upper temperature of 35 degC); such a heated surface in low free-stream velocity may result in natural convection effects. The characteristic velocity for natural convection over a vertically heated surface is (gc β ∞ ∆T) 1/2 , where g is the gravitational acceleration, β ∞ is the fluid thermal expansion coefficient and ∆T is the characteristic temperature difference between the heated surface and the surrounding flow [18] . Using the characteristic dimensions of the presented application, the natural convection velocity was bounded by 0.24 m/sec for a vertical surface; the fact that the orientation of the heated wing surface was almost horizontal made the natural convection effect negligible.
As mentioned above, the study involved a pair of conventional wing sections, the NACA-0009 and the Eppler-61. The chord and span of these wings models were 120 mm and 300 mm, respectively. During the experiments, the wing models were mounted between side walls which served as reflecting boundaries and isolated the tested wing from the wind tunnel walls, which are characterized by thick boundary layers and high turbulence intensity. Each wing is constructed from three spanwise sections, two wing sections made of aluminum at both sides (each of 80 mm in span) and a hollowed middle wing section (of 140 mm in span) which was dedicated to the temperature-sensitive paint visualizations ( Figure 3, Figure 4 ). The middle section was covered with the conducting foil and was attached to the metallic wing sections at both sides. Using a double-coated electrically conductive tape, the foil was attached to two electrical current conductors which assembled the three wings sections (Figure 3) . In order to obtain a smooth surface, the foil was first stretched on the pressure side of the wing starting from the wing trailing-edge, then rolled over the wing leading-edge and lastly was cut at the wing trailing-edge after covering both sides of the wing; in order to preserve the leading-edge geometry, the foil rolled over a solid leading-edge section. Yossef Elimelech 279 Figure 3 . Detailed view of the wing assembly showing the two aluminum wing sections at each wing side, the solid leading-edge, the air cavity inside the wing and half of the stretched foil. The electrical current is being transferred by the copper conductors.
The temperature-sensitive paint visualization images were acquired using a conventional digital camera (Olympus SP-550UZ) which was triggered using a wired remote control. The focal distance was set between 400 to 500 mm and the lens aperture was set to f-number 4.0 and higher, depending on the camera and the illumination angles and the field of interest. During a test the wing angle of attack and the camera settings remained constant while the free stream velocity was altered in discrete steps. 
Constant-Temperature Anemometry
Due to its low spectral resolution, the temperature-sensitive paint visualization functioned as a low-pass filter; in order to obtain the velocity spectrum of the transitional flow over the wings, constanttemperature anemometry measurements were undertaken. The main advantage of constant-temperature anemometry (CTA) is its wide bandwidth (about 10 kHz at flow velocity of a few meters per second), which makes it suitable for spectral analysis. However, constant-temperature anemometry is a point measurement and requires fair amount of measurements in order to achieve proper spatial resolution. The CTA measurements were obtained by the Dantec Streamline system, the TSI 1155-18 probe support and the Dantec 55P11 and TSI-1260A-T1.5 CTA sensors. These are one-dimensional sensors and hence they allowed measuring only the total velocity magnitude in the plane perpendicular to the sensor. In order to minimize the CTA intrusive effects, the sensor was positioned in the flow using a forward facing sting, 450 mm long and 4 mm in diameter. A dedicated test where the CTA sensor was placed in the vicinity of the wing surface while conducting temperature-sensitive paint visualization showed that this arrangement had no effect on the flow over the wing surface. It is worth to note that all CTA results were acquired with no heat flux emitted from the wing surface in order to keep the CTA measurement unbiased.
The wind tunnel tests were conducted at free stream velocities between 1.2 and 7 meters per second. At velocities of the order of 0.1 m/sec, the convection currents created by the heated sensor affect the flow field and the measurement [20] . Therefore, a velocity of 0.1 m/sec is the lowest reliable velocity measured in these experiments. As the CTA measurements over the entire wing lasted for hours, temperature compensation was applied to minimize temperature fluctuations that were associated with the wind tunnel facility (in addition to the fact that the environmental temperature was controlled).
During all tests, the free stream velocity signal and the one within the boundary layer were acquired simultaneously. Each CTA measurement was a time-accurate record of 2 16 acquisition points, sampled at 10 kHz (about 6.5 seconds). To avoid aliasing, a low-pass analog filter having cut-off frequency of 3 kHz was applied prior to the analog-to-digital conversion. Integral characteristics of the signals, i.e. their respective mean values and standard deviations, were used to show the main flow features in the volume under examination. Additional signal processing was implemented using standard MATLAB routines such as pwelch and spectrogram to obtain auto spectral densities.
To facilitate comparison between different tests, the instantaneous velocity measured in the vicinity of the wing, V, as well as that measured in the free stream, U, will be universally referred to the timeaveraged (over the measurement interval) value of the latter, U -. Dimensionless velocities will be denoted by the respective lower case letters; thus, v = V/U -, u = U/U -; it is understood that u -= 1. As mentioned above, all distances refer to the chord length, c; x is the dimensionless distance along the chord (x = X/c) and y (or the word height) is used to imply the distance between a measurement point and the surface of the wing (y = Y/c). Following this terminology, the dimensionless spanwise location is z = Z/c. The frequency f will be referred to U -/c . This dimensionless frequency will be identified as the Strouhal number, S; thus, S = fc/U -. The power spectral densities of the signals obtained within the boundary layer and the free stream will be denoted by P vv and P uu , respectively. The power spectral density P vv can be noisy; its integral, , is typically much smoother and allows easy assessment of the energy content at different frequency ranges. By Parseval's theorem, C vv (∞) = σ v , where σ is the standard deviation of v. Similarly, C uu (∞) = σ u .
Test Facility
The experiments were conducted in the low speed wind tunnel located at the Faculty of Aerospace Engineering at the Technion. The tunnel operates in a closed-loop and is driven by a vane-axial fan. The tunnel contraction ratio is 5.76:1. The test section length is 1.35 m and the cross section dimensions are 0.5 m by 0.5 m. The experiments were conducted at free stream velocity between 1.2 and 7 meters per second. The low free-stream velocity, derived from the Reynolds numbers under investigation (given the wings chord), yielded a low dynamic pressure which did not allow measuring the aerodynamic loads on the wing model. During tests, the free-stream velocity was kept within 1% and the turbulence intensity (corresponding to 0.1 to 500 Hz frequency range) varied between 0.05% and 0.15%. Representative description of the power spectral density of the free stream velocity signal can be found in Figure 5 . In this example the free stream turbulence intensity was about 0.05%. The -5/3 exponential law which is shown in Figure 5 corresponds to Kolmogorov's inertial sub-range spectrum of isotropic turbulence [21] combined with Taylor's hypothesis [22] to associate the frequency spectrum of the current measurements to Kolmogorov's wave number spectrum. The velocity fluctuations energy is concentrated in the lower-frequency band of the spectrum, below, say, 4 Hz. Figure 5 . Representative characteristics of the free stream velocity signal at 5 m/sec. These characteristics were obtained using constant temperature anemometry.
RESULTS
All tests were conducted at a fixed angle of attack while the free stream velocity was gradually changed from one value to the other. At each free-stream velocity, the pictures of the flow footprints were taken after the free-stream velocity was settled and the free-stream turbulence reached a value below 0.1%. The electrical current was altered to allow a vivid color rendering at each free steam velocity; as a result, a given color at two different free-stream velocities represents the same surface temperature but not necessarily the same heat flux from the wing surface. Flow footprints were obtained over the NACA-0009 wing surface at an angle of attack of 3.5 deg and several Reynolds numbers. This angle of attack was chosen since a previous study (Figure 17 in [5] ) has shown that at that angle of attack the flow field was expected to become three-dimensional (phase 3 in [5] ). Top views of the flow footprints are shown in Figure 6 (free-stream direction is from left to right). The left and right edges are the wing leading and trailing edges of the wing, respectively. Black regions are areas where the local temperature is less than 25 degC or more than 35 degC. Following the color spectrum, red, green and lastly blue denote temperature increase (at this order) in the temperature range between the low (25 degC ) and high (35 degC ) clearing points 1 .
At Re = 18000 ( Figure 6a ) the flow is essentially two-dimensional. The leading edge area is cold (black region) due to the relative high velocity (and hence high heat convection) which characterizes the suction at the leading-edge region. Farther downstream, at approximately 40 percent of the chord, the temperature increases due to a two-dimensional flow separation (which is characterized by low heat convection and increased surface temperature). The monotonically increasing temperature along farther downstream chord locations suggests that the separated flow region did not reattach to the wing surface. This result is in agreement with an earlier two-dimensional CFD simulations for flow over NACA-0009 [5] . Details of the solver, convergence tests, and validation of the results by comparison with flow visualizations can be found in this reference.
At Reynolds number 20000 and 22000 (Figure 6b , c) a hot spot formed near the wing leading edge (as is marked in Figure 6b ) followed by a footprint of a three-dimensional flow structure. The hot spot span is approximately 30 percent of the chord and its length is about 35 percent of the chord; its footprint was compared with quantitative CTA measurements which yielded the time-averaged velocity distribution and the velocity standard deviation across the hot spot region (Figure 7 ). It should be noted that in order to allow proper interpretation of the visualizations, these CTA measurements were conducted over a foiled wing, while later CTA measurements were undertaken over a solid metal wing. To assure unbiased CTA measurements the heat flux through the foil was set to zero during these measurements.
The CTA results agree with the temperature-sensitive paint visualization; indeed, the low heat convection which is associated with the formation of the hot spot (Figure 6b ) is a region of low streamwise velocity (Figure 7) . Nevertheless, high values of velocity standard deviation were measured in that region (σ v = 0.1 at x = 0.39, Figure 7d) ; these velocity fluctuations were translated to temperature changes which were below the resolution of the temperature-sensitive paint visualization. 
Yossef Elimelech 283
A slight Reynolds number increase (Re = 22500) caused the formation of a second three-dimensional flow structure (Figure 6d ). It is worth to note that a structural change from two three-dimensional flow structure footprints back to one was reversible whenever the free stream velocity was lowered below a certain threshold (with no noticeable hysteresis). At Re = 23500 the two cellular flow structures were of the same size and started to merge (Figure 6e ). At the last state of this evolution, at Re = 24500, an essentially two-dimensional closed separation bubble was observed (Figure 6f ) while the coherence of the three-dimensional footprints was lost. This end state is in total agreement with water tunnel visualizations [5] which showed how turbulent mixing within the separation bubble encouraged flow reattachment. The entire experiment was repeated several times for different foil and temperature-sensitive paint applications. Although similar three-dimensional footprints were observed, the onset Reynolds number of their appearance varied about 10-20%. It is believed that these variations are attributed to the foil application technique, in which the resulting wing surface could have varied between successive foil applications. A verification of this conclusion is presented below.
A qualitatively similar evolution was observed over the Eppler-61 airfoil, but it was obtained at different Reynolds numbers and angles of attack, stemming from the fact that the two wing sections yielded a different pressure distribution and boundary layer growth. At an angle of attack of 4 deg ( Figure 8 , top row) the flow field over the Eppler-61 wing remained two-dimensional up to a Reynolds number which was as high as 56000; at Re = 32000 (Figure 8a ) a two-dimensional separation line was clearly apparent and the flow field did not reattach to the wing surface (inferred by the fact that the surface temperature was monotonically increasing along the chord). At Re = 40000, a two-dimensional separation was observed and the flow reattached in the vicinity of the trailing-edge, denoted by the lower temperature in that region (Figure 8b ). At Re = 56000 the separation bubble remained twodimensional and the bubble length shrank to approximately 37 percent of the chord (Figure 8c ). It is noteworthy to mention that for angle of attack of 4 deg the separation bubble remained essentially twodimensional and no large scale three-dimensional footprints were observed in a wide range of Reynolds numbers. This was not the case for a higher angle of attack (α = 8 deg), where a footprint of a threedimensional flow structure was clearly observed (Figure 8e and f) . Online resource 1 shows an evolution of a three-dimensional footprint for a fixed angle attack of 8 deg while the free-stream velocity (and the characteristic Reynolds number) varies. Repeating these tests for the same angle of attack showed one or more three-dimensional footprints; all footprints were originated from the same chord location and had the same spanwise extent. Like the results which were obtained for the NACA-0009, it is believed that different foil applications were translated to minute geometrical variations in the vicinity of the leading-edge, which governed the span location of the three-dimensional cellular flow structures. From this reason, quantitative large-scale CTA measurements were conducted over solid metal wing models. While the temperature-sensitive paint visualizations captured the characteristic spatial scales of the three-dimensional flow structures, the CTA measurements provided high fidelity time-accurate velocity signals in these regions. Such CTA results, which were obtained for the NACA-0009 wing, are summarized in Elimelech et al. [6] for several Reynolds numbers. These results assured that over a wing of the same aspect ratio (aspect ratio of 2.5) two three-dimensional flow structures were observed and were of equal size. Furthermore, CTA measurements over a wing of the same cross section with aspect ratio of 5 (same wing span but half the chord) showed four threedimensional flow structures instead of two that were observed over a wing with aspect ratio of 2.5.
In addition to these findings, the CTA results yielded three-dimensional flow structures only from an angle of attack of 5 deg, while at an angle of attack of 3.5 deg the flow field remained twodimensional up to a Reynolds number of 26000 [4] . Indeed, the fact that the three-dimensional footprints were clearly seen by the temperature-sensitive paint visualizations at an angle of attack of 3.5 deg for Reynolds number below 26000 concluded that the different foil applications and the small geometrical imperfections in the vicinity of the leading-edge were responsible for the variations in the temperature-sensitive paint visualizations. 
DISCUSSION 4.1. Interpreting the Temperature-Sensitive Paint Visualization
The temperature-sensitive paint visualization and the CTA results concluded equivocally that the hot spot represents a region of low velocity (see Figure 6 and Figure 7 ). Following this interpretation, one may infer that the triangular region downstream to the hot spot (Figure 6b ) represents flow reattachment and attached flow farther downstream; such mechanism is characterized by high heat convection and may lower the surface temperature below 25 degC. However, the CTA results showed that the time-averaged velocity in this region remained low and that the boundary layer thickness exceeded 5 percent of the chord [6] ; CTA measurements were obtained in the middle of a threedimensional flow structure ( Figure 9 , black line) and were compared to velocity profiles which were acquired in a span station which was at the middle between two three-dimensional flow structures ( Figure 9 , gray line). At both spanwise stations the velocity profiles became inflectional (see specific marking in Figure 9b ), a phenomenon which characterizes shear layers [23] . Such infectional velocity profiles are a source of flow instability [23] ; therefore, it is understood why the velocity standard deviation grew more rapidly in the middle of the three-dimensional flow structure than that which developed along its edges. The monotonically increasing velocity standard deviation (or enhanced mixing) affected the heat transfer from the wing surface; this mechanism explains why a locally low temperature was observed (Figure 6b ) although the time-averaged velocity in that region remained low ( Figure 7) . Therefore, the interpretation of the temperature-sensitive paint visualization is counterintuitive and is correlated with the high levels of velocity standard deviation and not necessarily with flow reattachment. Only farther downstream the velocity standard deviation became sufficiently high to reattach the separated shear layer, as is reflected by the essentially non-zero velocity gradient in the vicinity of the wall (see, for example the velocity profile in Figure 9c ).
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Three Dimensional Cellular Flow Structures
The most evident outcome of the temperature-sensitive paint visualizations are the cellular structures appearing above the wing. For the NACA-0009 wing model, these structures were not observed below Reynolds number 20000 (for angle of attack of 3.5 deg); however, the CTA results depicted that these three-dimensional structures were noticeable already at a Reynolds number of 10000 [6] . The structures grew (both forwards and upwards) as the Reynolds number was increased and so did the magnitude of the velocity fluctuations within the cellular flow structures. Cellular flow patterns over wings were observed and reported in previous studies at both low (a few hundred) and high (a few hundred thousands) Reynolds number flows. Studies of [9] [10] [11] [12] addressed post stall high-Reynolds numbers cases; others addressed the lower Reynolds numbers case [24] . Like in [24] , the current results present similar structural change of the flow field from two to threedimensional flow field.
The current results show that the flow separation line was not stationary, and moved back and forth a few percent of the chord with a frequency of the order of one Hertz (corresponding to Strouhal number of the order of 0.1). These low frequency oscillations were clearly seen by the temperaturesensitive paint visualizations (see online resource 2 which was obtained over the Eppler-61 wing at Re = 33000 and an angle of attack of 8 deg) whereas large amplitude low frequency velocity oscillations are the manifestation of this phenomenon in the CTA data which was obtained over the NACA-0009 wing (see, for example, the energy content up to S = 0.6 for x = 0.2 and x = 0.56 which are shown in Figure 10 ). Figure 10 . Spectral analysis at the height of maximal normalized velocity standard deviation. These heights are marked by dark symbols in Figure 9 . The results were obtained at the centerline of a threedimensional flow structure. To be visible in the figures, the free stream values were magnified 100-fold. Conditions are the same as of Figure 9 .
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An indirect result which demonstrates the movement of the flow separation line is reflected by the variation of the velocity profile in the vicinity of the wing leading-edge; the observation that the variation between the minimal and maximal velocity profiles obtained at x = 0.202 ( Figure 11 ) can be described as a constant vertical shift (marked by ∆ y in Figure 11 ) supports the argument that the flow separation line moves unsteadily back and forth since convective flow mechanisms (which are associated with the shear layer) are not capable of amplifying so rapidly over such a short distance along the chord [6] . It is of interest to predict in which flow conditions the flow remains two-dimensional (i.e. twodimensional separation) or undergoues three-dimensional, where the spanwise velocity component is non-zero and three-dimensional cellular flow structures are apparent. The study by [25] showed that a two-dimensional laminar separation bubble changes its structure from a two-dimensional flow field to a three-dimensional one when flow disturbances of certain amplitude are superimposed on the timeaveraged velocity field. In analogue to the presented results, a reattachment line was not the only requirment for the appearance of the three-dimensioal flow structures; a source of finite-amplitude flow disaturbances was required to cause the structural change from a two-dimentional flow field to a threedimentional one. A suggested mechanism is the unsteady chordwise movement of the two-dimensional flow separation line; indeed-this suggessted mechanism explains the results which were obtained for the Eppler-61 wing: at angle of attack of 4 deg (Figure 8, top row) , where the location of the separation line was robust to flow disturbances, the flow remained two-dimensional although a flow reattachment line was observed. However, in higher incidence, where the separation line was somewhat in the vicinity of the wing leading-edge and its location was suseptible to flow perturbations (like those of the wind tunnel facility), a three-dimensional footprint of a cellular flow structure was aparent.
Furthermore, [25] discussed the spanwise extent of the three-dimensional flow structure and scaled it with the laminar separation bubble streamwise length. The results which were obtained for the two wings herein depicts a similar scaling: over the NACA-0009 wing (Figure 6 ), where the separation bubble length was larger than that over the Eppler-61 wing (Figure 8 ), the spanwise extent of the cellular flow structures over the NACA-0009 wing was larger as well and scaled accordingly. It is worthnoty to emphasize that the temperature-sensitive paint visualization is sensitive to the surface temperature (and, indirectly, to the heat convection from the wing surface); yet, the size of the cellular structures footprint (as seen by the temperature-sensitive paint visualization) was not an exact measure of their actual size, which was well resolved by the CTA measurements [6] .
CONCLUSIONS
A unique realization of a temperature-sensitive paint visualization using thermochromic liquid crystal mixture is described above. The temperature-sensitive paint was applied on a foil which had the geometry of two wings of conventional cross sections and emitted heat flux from its surface. This setup allowed proper spatial resolution to visualize the transition process which developed over the wings at
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Reynolds numbers of several ten thousand. The visualizations yielded qualitative results in the vicinity of the wings leading-edges, where the boudary layer thickness is usually small and can not be resolved properly with CTA due to the proximity of the CTA sensor to the wing surface. However, the visualization technique lacked the spectral resolution to resolve all the time scales which characterize the separation-induced transition process which evolves over the wings at these Reynolds numbers.
The two techniques showed that over both wings the flow field undergoues a structural change from a two-dimensional to three-dimentional flow field with the appearance of three-dimensional cellular flow structures. These cellular flow structures appeared in cases where two conditions were fulfilled: (1) the time-averaged flow field was of a closed separation bubble and (2) the baseline two-dimensional flow separation line was sensitive to flow perturbations and moved unsteadily (in low frequency, say S<0.6).
The deformability of the heated foil and some geometrical imperfections in the vicinity of the leading-edge section affected the visualization results and their repeatability. It is believed that applying the foil over a hollowed surface (holes which are only few milimeters in diameter) will reduce considerably these geometrical imperfections and their effect.
Most importantly, the temperature-sensitive paint visualization yielded an outcome which was correlated with the heat convection from the visualized surface; it was shown that the thermal visualization can possibly lead to ambiguities and missinterpretation of the actual flow field in regions of high amplitude unsteady flow while the CTA results allowed a reliable assesment of the flow visualizations. On the other hand, the CTA technique requires dedicated high-end instrumentation and certain user proficiency. Ideally, it is advised to combine as many as possible experimetal techniques in order to analyze the separation induced transition process which characterizes the flow over wings at this Reynolds number regime; however, a careful use of the current affordable TLC visualization technique may reduce the use of quantitative experimental techniques to a minimum and will allow fast and cost effective classification of the flow field during the design phase of future MAVs.
